To assess the possibility of terahertz technology for the determination of drug concentration in blood, we endeavored to apply a terahertz (THz) attenuated total reflection (ATR) method to measure the levels of theophylline in saline. A change in reflected THz wave amplitude was observed in a theophylline concentration-dependent manner. This result was obtained with simple measurements of comparisons of the amplitude of the reflected wave, and suggests that it is possible to monitor concentration changes of drugs in liquid material using THz ATR measurements.
Introduction
To assist in the appropriate usage of pharmaceutical agents, therapeutic drug monitoring (TDM) plays a fundamental role in clinical practice. TDM has been used for the determination of blood concentrations of drugs with narrow therapeutic ranges, drugs with marked pharmacokinetic variability, medications for which target concentrations are difficult to monitor, and drugs known to cause therapeutic and adverse effects. In this regard, TDM can allow for the optimization of individual dosage regimens [1] . However, because TDM is generally performed with immunoassays based on antigen-antibody reactions using serum, plasma, or whole blood, repeated blood collection can be stressful for patients. Additionally, it takes tens of minutes to determine the blood concentrations of agents, even though the measurement process is totally automated. Thus, the development of novel TDM methods for non-invasively and rapidly evaluating drug levels in blood is required.
Terahertz (THz) waves lie between the optical region and microwave region. The energy of a THz wave corresponds to the motion of a relatively large molecule; thus, THz waves offer the ability to observe absorption of a highly polymerized compound [2] . The energy is also related to the rotation of a hydrogen bond of water molecules and the rotation of free water molecules [3] , so THz waves have the potential to observe water dynamics in a solution. Features of THz waves include transmission performance for an object, like microwaves, and spectral performance, like visible light. Although it has been difficult to use THz waves due to the lack of a good emitter to date, recent developments in the technology of THz emitters and detectors have allowed many applications of THz technology, such as non-destructive inspection, security checks, and communications [4, 5] . Further, they also have potential for novel medical tools, because the photon energies of THz waves are relatively low and safe for the human body.
One feature of THz waves is that they are strongly absorbed by liquid water. This is mainly based on the modes of interaction with water mentioned above. This absorption becomes both an advantage and a disadvantage in some cases using THz waves to observe liquid materials. It is difficult to observe water or some solutions using THz transmission measurements, so the THz attenuated total reflection (ATR) method is used for measurements with water-related materials [3, [6] [7] [8] . When light is reflected at an interface between a material of refractive index n 1 and one of n 2 (Figure 1 ), if the incident angle θ c is greater than θ = sin´1(n 2 /n 1 ), total light reflects at the interface. At this time, the light enters and propagates through a slight distance inside the second material. This is an evanescent wave. If the material is transparent for THz waves, then all evanescent waves pass through the second material with no absorption. However, if the second material, like water, has large absorption, the evanescent wave is absorbed and a decrease of light amplitude is observed even with a short passing distance of the light. Using the decrease, we can estimate some information. This is the THz ATR measurement, by which it is possible to measure a sample that has strong absorption in THz frequencies. Furthermore, because non-invasive characterization is possible with evanescent waves, they can be used for medical applications. aluminium mirror to measure the reference THz wave. We performed our analysis by comparing the reflected THz wave from the sample solution and the mirror. The aim of this work was to assess the possibility of blood drug concentration measurements using THz techniques. We used saline as solvent for the drug. We prepared the saline by dissolving NaCl (Wako Pure Chemical Industries, Osaka, Japan) in pure water. Furthermore, we prepared a NaCl solution with various concentrations to measure the NaCl concentration dependence of the strength of reflected THz waves. We also used theophylline (Wako Pure Chemical Industries) as a test drug. Theophylline is an anti-asthmatic drug and has been used in clinical practice for over 30 years. The pharmacological effects of theophylline are closely related to its blood concentration, but high levels of theophylline in blood can result in various toxic effects, such as generalized convulsions and impaired consciousness [12] . Thus, TDM of theophylline was necessary for its safe administration.
Results and Discussion
The amplitude of THz wave reflectance of the samples was measured by comparing the sample spectrum and reference spectrum. Reference spectra were obtained using a mirror. Here, we discuss the evanescent field penetration depth, dp, which is the distance between the interface and a point where the intensity of light becomes 1/e. Thus, dp is described as
where λ is wavelength of the light, n1 is the refractive index of ATR prism, n2 is the refractive index of the sample, and θ1 is the incident angle of the light. The frequency dependence of the penetration depth dp in this study is shown in Figure 2 . As the wavelength increases, the penetration depth, d, increases. This indicates that the evanescent wave at low frequency propagates inside objects, rather than a high frequency wave in the ATR method. Thus, we can expect that a terahertz wave at a lower In the THz region, some studies for solutions have been reported using ATR methods [3, [6] [7] [8] . For example, there are determinations of hydration numbers in solution and observations on the relaxation mode of water molecules [8] . These studies were primarily fundamental studies. In contrast, reports based on medical applications are rare. Moreover, there are very few THz studies on blood [9, 10] . Because the energy level of THz waves corresponds to the dynamics of hydrogen bonds, they have the potential to observe the state of water molecules in a solute. Furthermore, a large absorption means a large interaction; thus, we can obtain meaningful information if we use suitable measurement methods to observe drug concentrations in solution. In this paper, we report a THz ATR study of saline, and a combination of saline and a drug, to discuss the potential of a THz-ATR method for medical applications, which, in this case, is that of determining the blood concentrations of drugs.
Experimental Section
We used techniques of a typical THz time-domain spectroscopy (THz-TDS) system for this experiment. Samples were measured with the THz-TDS system, equipped with dipole low-temperature-grown GaAs photoconductive antennas (Hamamatsu Photonics KK, Hamamatsu, Japan) as the emitter and detector, and a fiber laser (IMRA femtolite HFX-400, IMRA America, Inc. Ann Arbor, MI, USA, wavelength 780 nm, pulse width 48 fs, laser power max. 100 mW). The procedure to measure the sample, with the exception of the ATR method, is similar to that described in our previous paper [11] .
It is difficult to measure aqueous samples with a transmission-type THz-TDS because of their strong absorption at terahertz frequencies. Thus, we chose an ATR THz-TDS using a silicon prism. The prism was 30 mm in width; the long axis of the triangle was 73 mm and it was 50 mm tall. The principle of the measurement using the prism is based on that of the Dove prism, although we used a triangular prism. The path of a THz wave propagating inside the Si prism is shown in Figure 1 . The THz wave is guided by the two off-axis parabolic mirrors between the emitter and detector; thus, the shape of the THz wave entering the prism is a parallel beam (Figure 1 ). This shape is intended to use a wide area of the sample surface. The diameter of the parallel THz wave is about 20 mm, according to a knife-edge measurement.
A container with the sample solution was placed onto the surface of the Si prism. This was made of plastic walls (20ˆ20ˆ40 mm) and a resin adhesive. The sample solution in the container was connected directly to the Si prism. The entire propagating THz wave reflected at the border of the Si prism and the sample solution, and propagated onto the detector. Since we used the Si prism and plastic container, these materials had no influence on the measurement results. We used an aluminium mirror to measure the reference THz wave. We performed our analysis by comparing the reflected THz wave from the sample solution and the mirror.
The aim of this work was to assess the possibility of blood drug concentration measurements using THz techniques. We used saline as solvent for the drug. We prepared the saline by dissolving NaCl (Wako Pure Chemical Industries, Osaka, Japan) in pure water. Furthermore, we prepared a NaCl solution with various concentrations to measure the NaCl concentration dependence of the strength of reflected THz waves. We also used theophylline (Wako Pure Chemical Industries) as a test drug. Theophylline is an anti-asthmatic drug and has been used in clinical practice for over 30 years. The pharmacological effects of theophylline are closely related to its blood concentration, but high levels of theophylline in blood can result in various toxic effects, such as generalized convulsions and impaired consciousness [12] . Thus, TDM of theophylline was necessary for its safe administration.
Results and Discussion
The amplitude of THz wave reflectance of the samples was measured by comparing the sample spectrum and reference spectrum. Reference spectra were obtained using a mirror. Here, we discuss the evanescent field penetration depth, d p , which is the distance between the interface and a point where the intensity of light becomes 1/e. Thus, d p is described as
where λ is wavelength of the light, n 1 is the refractive index of ATR prism, n 2 is the refractive index of the sample, and θ 1 is the incident angle of the light. The frequency dependence of the penetration depth d p in this study is shown in Figure 2 . As the wavelength increases, the penetration depth, d, increases. This indicates that the evanescent wave at low frequency propagates inside objects, rather than a high frequency wave in the ATR method. Thus, we can expect that a terahertz wave at a lower frequency will have a larger interaction between light and a solution. Thus, we used data for a lower frequency THz wave for the analysis in this study.
Figure 2.
Frequency dependence of the penetration depth dp.
In terms of NaCl solution, physiological saline is 0.9% NaCl solution. In the process of making saline solutions, we observed ATR spectra across different concentrations of NaCl solution using the ATR method. Reflection spectra were estimated by a division of the sample spectra by the reference spectra. As the concentration of NaCl increased, the amplitude of reflection spectra decreased ( Figure 3 ). It is assumed that the decrease was caused by a change in the distance of the penetration depth due to the change of refractive index with the increase in NaCl concentration. The penetration depth is calculated with Equation (1). A change in refractive index causes a change in the value of dp. Because water and solutions have strong absorptions for THz waves, a large change in ATR spectra occurs with a small change in the distance. Thus, it is possible to observe the concentration of solutions using THz ATR measurements. Next, we measured the concentration dependence of theophylline in saline. The amplitude of the reflected spectra of the theophylline solution also changed with the change in theophylline concentration. The reflectance at 0.164 THz changed from 0.071 to 0.073 from the change of the concentration from 2.7 mg/mL to 5 mg/mL (Figure 4) . The data shown in Figure 4 are from triplicate experiments. The concentration change was smaller than that of the NaCl solution. In the theophylline solution, the refractive index did not change with the concentration change, but amplitude changes in the ATR spectra were observed. These changes seemed to have occurred due to a change in the state of the solution. For water, strong absorptions exist below 1 THz. One of the absorptions is due to the Debye relaxation mode (τ1), around 0.01 THz, and a second is due to the fast relaxation mode (τ2) around 0.8 THz [3] . Theophylline in solution exists in molecular form and a hydrated state, because its dissociation constant is low. Thus, some water molecules make hydrogen bonds with theophylline, and they will change motions. The τ1 mode is from the relaxation of the rotation of a water molecule, which connects with theophylline via a hydrogen bond, and the τ2 mode is from the rotation of a free water molecule. Thus, the τ2 mode does not shift, but part of the τ1 mode shifts to a lower frequency region when more theophylline is present. The shift in the τ1 mode In terms of NaCl solution, physiological saline is 0.9% NaCl solution. In the process of making saline solutions, we observed ATR spectra across different concentrations of NaCl solution using the ATR method. Reflection spectra were estimated by a division of the sample spectra by the reference spectra. As the concentration of NaCl increased, the amplitude of reflection spectra decreased ( Figure 3) . It is assumed that the decrease was caused by a change in the distance of the penetration depth due to the change of refractive index with the increase in NaCl concentration. The penetration depth is calculated with Equation (1). A change in refractive index causes a change in the value of d p . Because water and solutions have strong absorptions for THz waves, a large change in ATR spectra occurs with a small change in the distance. Thus, it is possible to observe the concentration of solutions using THz ATR measurements. Frequency dependence of the penetration depth dp.
In terms of NaCl solution, physiological saline is 0.9% NaCl solution. In the process of making saline solutions, we observed ATR spectra across different concentrations of NaCl solution using the ATR method. Reflection spectra were estimated by a division of the sample spectra by the reference spectra. As the concentration of NaCl increased, the amplitude of reflection spectra decreased ( Figure 3 ). It is assumed that the decrease was caused by a change in the distance of the penetration depth due to the change of refractive index with the increase in NaCl concentration. The penetration depth is calculated with Equation (1). A change in refractive index causes a change in the value of dp. Because water and solutions have strong absorptions for THz waves, a large change in ATR spectra occurs with a small change in the distance. Thus, it is possible to observe the concentration of solutions using THz ATR measurements. Next, we measured the concentration dependence of theophylline in saline. The amplitude of the reflected spectra of the theophylline solution also changed with the change in theophylline concentration. The reflectance at 0.164 THz changed from 0.071 to 0.073 from the change of the concentration from 2.7 mg/mL to 5 mg/mL (Figure 4) . The data shown in Figure 4 are from triplicate experiments. The concentration change was smaller than that of the NaCl solution. In the theophylline solution, the refractive index did not change with the concentration change, but amplitude changes in the ATR spectra were observed. These changes seemed to have occurred due to a change in the state of the solution. For water, strong absorptions exist below 1 THz. One of the absorptions is due to the Debye relaxation mode (τ1), around 0.01 THz, and a second is due to the fast relaxation mode (τ2) around 0.8 THz [3] . Theophylline in solution exists in molecular form and a hydrated state, because its dissociation constant is low. Thus, some water molecules make hydrogen bonds with theophylline, and they will change motions. The τ1 mode is from the relaxation of the rotation of a water molecule, which connects with theophylline via a hydrogen bond, and the τ2 mode is from the rotation of a free water molecule. Thus, the τ2 mode does not shift, but part of the τ1 mode shifts to a lower frequency region when more theophylline is present. The shift in the τ1 mode Next, we measured the concentration dependence of theophylline in saline. The amplitude of the reflected spectra of the theophylline solution also changed with the change in theophylline concentration. The reflectance at 0.164 THz changed from 0.071 to 0.073 from the change of the concentration from 2.7 mg/mL to 5 mg/mL (Figure 4) . The data shown in Figure 4 are from triplicate experiments. The concentration change was smaller than that of the NaCl solution. In the theophylline solution, the refractive index did not change with the concentration change, but amplitude changes in the ATR spectra were observed. These changes seemed to have occurred due to a change in the state of the solution. For water, strong absorptions exist below 1 THz. One of the absorptions is due to the Debye relaxation mode (τ 1 ), around 0.01 THz, and a second is due to the fast relaxation mode (τ 2 ) around 0.8 THz [3] . Theophylline in solution exists in molecular form and a hydrated state, because its dissociation constant is low. Thus, some water molecules make hydrogen bonds with theophylline, and they will change motions. The τ 1 mode is from the relaxation of the rotation of a water molecule, which connects with theophylline via a hydrogen bond, and the τ 2 mode is from the rotation of a free water molecule. Thus, the τ 2 mode does not shift, but part of the τ 1 mode shifts to a lower frequency region when more theophylline is present. The shift in the τ 1 mode causes decreased absorption of THz waves by water, so the amplitude of the reflected THz spectra becomes larger. This is consistent with the experimental results. causes decreased absorption of THz waves by water, so the amplitude of the reflected THz spectra becomes larger. This is consistent with the experimental results. From the measurements of theophylline solutions, changes in the concentration of theophylline could be observed. This indicates the possibility of monitoring drug concentrations using THz techniques. The measurement is broadband spectroscopy because the method is based on THz TDS, but information on the concentration can be obtained by measurement of a single wavelength. Further, TDS usually requires both amplitude changes and phase shifts of the THz pulse, but the measurements in this study are from amplitude changes only. It is not necessary to perform a complex calculation to obtain data, and the method can be simplified. It is possible to make measurements by simply setting a sample onto the Si prism, with no complex procedure. Moreover, the measurement uses the evanescent wave; thus, it may be possible to make non-invasive measurements. The timing of THz ATR measurements is about a few minutes, clearly short enough for TDM. We expect further improvements in the measurement ability by improving THz spectroscopy in future.
Conclusions
We obtained a concentration dependence of reflected THz ATR spectra with NaCl solutions and theophylline solutions. In the case of NaCl solutions, a concentration dependence was observed with a change in the refractive index of the solution. For theophylline solutions, a concentration dependence was observed without a change in the refractive index of the solution. This change was likely to be due to a change in the hydrogen-bonding state of the water molecules. These results show that we can readily detect changes in drug concentrations in a solution using THz ATR measurements.
From the measurements of theophylline solutions, changes in the concentration of theophylline could be observed. This indicates the possibility of monitoring drug concentrations using THz techniques. The measurement is broadband spectroscopy because the method is based on THz TDS, but information on the concentration can be obtained by measurement of a single wavelength. Further, TDS usually requires both amplitude changes and phase shifts of the THz pulse, but the measurements in this study are from amplitude changes only. It is not necessary to perform a complex calculation to obtain data, and the method can be simplified. It is possible to make measurements by simply setting a sample onto the Si prism, with no complex procedure. Moreover, the measurement uses the evanescent wave; thus, it may be possible to make non-invasive measurements. The timing of THz ATR measurements is about a few minutes, clearly short enough for TDM. We expect further improvements in the measurement ability by improving THz spectroscopy in future.
